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Abstract

This set of slides summarizes calculations done to bound heat transfer from inner
metallic shells of variable thicknesses, through an outer polymeric shell, and ultimately to
the external world. Two initial conditions were studied. The first condition provides a
constant thermal power (energy per unit time) to the first inner shell and calculates
thermal equilibrium. The second condition establishes an initial temperature of 640
Celsius in the first inner shell, and then models the heat transfer as a function of time
through the outer shell and then to the surroundings. Conservative assumptions about
the conduction between shells and the natural convection or radiation to the surroundings
were used to bound or to scope the range of solutions. This is an idealized, one-
dimensional, system of three materials and the bounding environment calculated as a
two-dimensional axisymmetric problem in COMSOL to determine the feasibility of using
such a model on more complex systems, in higher dimensions.
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Case 1 - 4 Geometry

* 2D Axisymmetric

* Shell 1
— Innerradius =5.3 cm
— Outerradius =6.0 cm

* Shell 2
— Innerradius = 6.0 cm
— Outerradius =7.0 cm
— No air gap with shell 1 for cases
1, 2, 3, & 3b. Air gap (.0254 cm)
is present for cases 2¢c & 4.
* Shell 3
— Innerradius = 7.0 cm
— Outer radius = 18.5 cm

— No air gap (.0254 cm) with shell
2 for cases 1, 2, 3, & 3b. Air gap
is present for cases 2¢ & 4.
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Case 1, 2, & 3 Assumptions

*  600W uniformly distributed in shell 1
* No radiation heat transfer between shells

* The outer surface of shell 3is a
blackbody— Perfect Emitter to
surroundings

* All solid materials— No phase change
* [sotropic thermal conductivity

* No thermal expansion

* Natural convection with air or water

* Laminar boundary layers

* Same mesh used for all cases
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Case 1 Materials

* Stainless Steel 304 -

— Solid (no phase 7
change) )
~ k()
— ¢p(T) ;
— Density (T) 7
— Source: COMSOL
Material Library
A
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Case 1 Materials

* HDPE

— Solid (no phase
change)

— k(T) 10

— Density(T)

— Constant cp
= 2.25J/g*degC d

— Source:

COMSOL
Material Library
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Results: Case 1- Air, Transient

* Transient Run

Time=2869 s Surface: Temperature (degC) Max/Min Point: Temperature (degC)
* Shell 1 Tavg= 640.00 degC
at t=2869 sec. 1l 6o
* Quter surface of shell 3 1o s00
does not heat up yet.
* We would have localized _ 400
melting in the HDPE o |
before the stainless w00
reaches 640 degC. | would
expect shell 1 to translate
down into the meltandno | 200
longer be concentric with
the surrounding shells. sl o
* HDPE Tmelt = 135 degC
-20t L L . 1 1 1 . .
=
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Results: Case 1- Air

Radial Temperature Profile at z=0 when t=2869 sec
650 ; . T . . . T T T . . T .

600+ 1

550+ 1

500+ 1

450r 1

400+ 1

350F 1

300F 1

Temperature (degC)

250+ 1

2001 1

150+ 1

100+ 1

50~ 1

6 7 8 9 10 12 14 16 18
r-coordinate (cm)
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Results: Case 1 — Air, Steady State

* Steady State Results for

Surface: Temperature (degC) Max/Min Point: Temperature (degC)

reference. T | | T e
25
15+
* Compares well with
analytical results (hand 2|
calc) 2
5_
* ~3000 min = 50 hours to s
reach steady state (see I
next slide)
5+
1
-10F
0.5
-15+
l |
/\ 10 5 0 5 10 15 20 25 30
=)
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Results: Case 1- Air

2600+

* Average
Temperature in
Shell 1 vs Time

2400F
2200}
2000}
1800
1600
1400+ f

1200+ /

Temperature (degC)

1000+ |
800
600} |
400} |

200 |
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Case 2 Materials

* Fuel 1

1 1 Il 1 1 Il Il 1 1
207m o

— Solid (no phase 7
change) )
— Room temp solid
phase used ]
— k=constant

— ¢p(T)
— Density (T)
— Source: AAA

Fuels Handbook,
Kim and Hofman
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Case 2 Materials

* Fuel 2

A

Solid (no phase
change)

k(T)

Density =
constant

cp(T)

Source: AAA

Fuels Handbook,
Kim and Hofman
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Case 2 Materials

* Low Tech Material

207¢cm

— Solid (no phase
change) ]
— k(T)
— Density =
constant

— ¢p(T) |

-107

-157]
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Results: Case 2- Air, Transient

* Transient Run

Time=5932 s Surface: Temperature (degC) Max/Min Point: Temperature (degC)
* Shell 1 Tavg= 640.00 degC T | ' | | | | |
at t=5932 sec. o
15+
* We would have a lot of
melting in the low tech
material before shell 1 5 .
reaches 640 degC. | would
expect shell 1 to translate i
down into the melt and no *°
. . _5_
longer be concentric with
the surrounding shells. l 200
* Low Tech Tmelt = 79 degC
-15- 100
20l | | [mnzozee5] | | | ]
-10 -5 0 5 10 15 20 25 30 cm
/'\
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Results: Case 2- Air, Transient

Radial Temperature Profile at z=0 when t=5932 sec
650F : : T : : : T T T : : T —

600+ 1

550+ 1

500+ 1

450r 1

400+ 1

350F 1

300+ 1

Temperature (degC)

250+ 1

200+ 1

150+ 1

100+ 1

50+ 1

6 7 8 9 10 12 14 16 18
r-coordinate (cm)
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Results: Case 2- Air, Transient

* Why does Case 2 take longer to heat up compared to
Case 1?

. _ _ r1—T
— Thermal Resistance Circuit Rg,pere = 4Tt1r1,;k
" Case 1: Ropnere,,,,, = 43 Ke;;m
= Case 2: Ryppere,,,,, = 3-2 Kelf:/)m
= Case 3: Ryphere,yy = 1.8 Kevl;m

— Thermal Diffusivity a =
P*Cp

= HDPE a=10.1E-8 m"2/sec
= Low Tech a = 9.6E-8 m"2/sec

A = High Tech a = 16.3E-8 m"2/sec
AN
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Results: Case 2- Air, Steady State

Surface: Temperature (degC) Max/Min Point: Temperature (degC)

* Steady State Results for

x10°
reference. 2
15+
. 18
e ~2800 min =46.6 hours
to reach steady state 10/ 16
(see next slide)
5+ 1.4
1.2
o
1
-5+
0.8
-10+ 0.6
15l 0.4
0.2
A o | | [min Tla200] | | | ]
/j -10 -5 0 5 10 15 20 25 30 cm
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Results: Case 2- Air, Steady State

* Average ool | T ——T
Temperature in T
Shell 1 vs Time 1800-
1600+
* Time to reach /
98% of steady R,
state value = % oo/
2725 minutes s //
E 1000+ H,‘"
3 /
T soo |
600+ I\"I
|
400} |
|
200F |
|
ﬂ 07(‘) 1600 20I00 30I00 Ti ( _4)0‘00 50I00 GOIOO 7600 )
)
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Results: Case 2- Water, Transient

* Transient Run

Time=5932s Surface: Temperature (degC) Max/Min Point: Temperature (degC)

* Shell 1 Tavg= 640.00 degC at -
t=5932 sec. Exactly the same
time as with air; this makes 15)
sense since the outer surface
of shell 3 does not increase in 10}
temperature so any benefit of
having a better heat sink is not sl
“seen” by shell 1. The steady
state results however will show
the difference.

600

500

400

max: 642.478 min: 20.0461

300

* The same melting comments
apply as with air. 10}

200

-15F 100

-20¢

-10 -5 0 5 10 15 20 25 30 cm
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Results: Case 2- Water, Transient

Surface: Temperature (degC) Max/Min Point: Temperature (degC)

* Steady State Results for ™ | ' ' S TS
reference.

15- 1.8

* Notice how much cooler
the outside surface of

Shell 3 is due to the ol I B
water. y
* ~2400 min =40 hoursto | |

reach steady state (see — 1
next slide) J o
0.6
-10F
04
-15F
0.2
-20k | . . \ . . | | . 1
ﬂ -10 -5 0 5 10 15 20 25 30 cm
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Results: Case 2- Water, Transient

* Average ‘ . -
Temperature in o -
Shell 1 vs Time
1600-
* Time to reach a0l
98% of steady /
state value = g 100
2381 minutes 2 /
3 1000} /
& /
s |
2 goot |
I
600} I\'I
II
400} |
|
200—‘
ﬂ 0_5 1000 2000 3000 e _4)600 5000 6000 7000
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Case 2c Assumptions

* Added .0254 cm air gaps between shells 1 & 2 and 2 &
3.

* Added latent heat of fusion for melting of low tech
material. Same case #s apply.

ﬂ
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Results: Case 2c- Air, Transient

* Transient Run

Time=85 min Surface: Temperature (degC) Max/Min Point: Temperature (degC)

* Shell 1 Tavg= 640.00 degC T __ | T
at t=85 min, less time than o
in case 2 due to the

presence of the air gaps. ol il
16

5r 1 tH1a

ok 1 12

151

max: 642.871

1
5L
08
1o 0.6
.15+ 0.4
0.2
20k . ‘ ‘ ‘ ‘ ‘ ‘ A
210 5 0 5 10 15 20 25 m
ﬁj
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Results: Case 2c- Air, Transient

A

Radial temperature profile
at z=0 at t=85 min.

Notice the large
temperature gradient
across the air gaps.

Temperature (degC)

)
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NATIONAL LABORATORY

EST.1943
Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA

600+

500+

450+

400+

350F

300F

Line Graph: Temperature (degC)

UNCLASSIFIED

10 12
r-coordinate (ecm)

16

18

Slide 25

' g
at
-
Nationai Nuclear Security Administration




Results: Case 2c- Air, Transient

Y Trans'ent Run Cr:ﬂl’ime_=85 n?in . Surface‘: Phase tran‘sition betwelen phase 1‘and phasel2(1)
* Shell 1 Tavg= 640.00 degC
at t=85 min 15¢ 0.9
* Phase fraction of the low l |
tech material shown in the 07
plot. A value of 1 indicates il .
liquid while 0O is solid.
* Of course this assumes no 4 04
mixing of the liquid phase
and no movement of the o 03
shells. You can visualize .
shells 1 & 2 melting |
through the bottom of shell ™ 01
3.
Dj - - cam
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Results: Case 2c- Air, Steady State

* Steady State Results for
reference.

* ~2900 min to reach

steady state (see next
slide)
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Y
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Results: Case 2c- Air, Steady State

* Average
Temperature in
Shell 1 vs Time

* Time to reach
98% of steady
state value =
2908 minutes

A
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Case 3 Materials

* Same fuel material
used in shell 1 & 2
as in case 2.

* High Tech Material
— Solid (no phase
change)
— k(T)
— Density =
constant

— ¢p(T)
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Results: Case 3- Air, Transient

® TranSient Run Time=176 min ‘ ‘Sur‘face: Telmperature I(degC) Max{Min Point: 'I:emperaturel (degC)
e Shell 1 Tavg= 640.00 degC !
at t=10,560 sec. 151 .
* Outer surface of shell 3 u 09
heats slightly.
* High Tech Tmelt = 160
degC i 0.7
* Enthalpy in Shell 1 = 92.1 °
J/g ol 05
-20t . . . | | . I I
2,
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Results: Case 3- Air, Steady State

Surface: Temperature (degC) Max/Min Point: Temperature (degC)

* Steady State Results for = ¢ | | | T e
reference.
* High tech material has gl
highest thermal '
conductivity compared i 08
to HDPE and Low Tech.
This results in a lower 5t o
steady state o
temperature in shell 1. of
* ~1478 min=24.6 hours
to reach steady state 5
(see next slide) o |
ol | | [min e8] | | | )
ﬁj -10 -5 0 5 10 15 20 25 30 cm
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Results: Case 3- Air, Steady State

* Average . — -
Temperature in 1100 .
Shell 1 vs Time
1000+
i 900+
* Time to reach /
/
98% of steady sor ]
state value = 3 o |
1478 minutes S /
ERC f
§ 500+ f
= |
400+ "
|
300+ ||
200—{
|
1007‘
ﬂ 6 560 1600 15I00 2600 25‘00 Tin'?g(()r?ﬁin) 35I00 40IOO 4500 5600 55I00
)
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Results: Case 3- Water, Transient

b TranSient Run Time=176 min ‘ ‘Surface: Te‘mperature I(degC) MaxI/Min Point: 'I:emperature‘ (degC)
| x10°
* Shell 1 Tavg= 640.00 degC
. 1.1
at t=10,560 sec. Again, 150
same time as with air. 1
10-
0.9
* Outer surface of shell 3 is | .
13 degrees cooler than
with air at t=176 min. | o7
* High Tech Tmelt = 160 o8
degC St 05
-10F 0.4
0.3
-15}
0.2
2l _
-iO -é 6 é 1I0 1I5 2‘0 2I5 3I0 cm
L’j
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Results: Case 3- Water, Steady State

Surface: Temperature (degC) Max/Min Point: Temperature (degC)

* Steady State Results for

x10°
reference.
1
15+
* ~1155 min =19.25 o
hours to reach steady 10/ os
state
5+ 0.7
0.6
or
0.5
5F
0.4
10l 0.3
0.2
-15+
0.1
N 20l |
/j -10 -5 0 5 10 15 20 25 30 cm
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Results: Case 3b with new fuel 1 alloy, Air,

Steady State

* Steady State Results for
reference. Uses alloy of
fuel 1.

* Constant material
properties

* Maximum temperature
is within 2 degC of Case
3 using elemental fuel 1.
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Case 4 Assumptions

*  Shell 1 Initial Value = 640 degC at t=0

* Airgap (.0254 cm) between shells 1 & 2 2o
and 3 & 4.

* No radiation heat transfer between shells

* The outer surface of shell 3 is a 101
blackbody— Perfect Emitter to
surroundings 5

* Shell 1 is a solid— No phase change

* Shell 3 is able to change phase— Thermal
properties change but no mass transport

]

* [sotropic thermal conductivity

-107

* No thermal expansion

-157

° Natural convection with air

* Laminar boundary layers EA T T a— % %
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Case 4 Materials

* Fuel 1

1 1 Il 1 1 Il Il 1 1
207m o

— Solid (no phase 7
change) )
— Room temp solid
phase used ]
— k=constant

— ¢p(T)
— Density (T)
— Source: AAA

Fuels Handbook,
Kim and Hofman

201 . : =0 i i : : i i m
-15 -10 -5 o] 5 10 15 20 25 30
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Case 4 Materials

* Fuel 2

A

Solid (no phase
change)

k(T)

Density =
constant

cp(T)

Source: AAA

Fuels Handbook,
Kim and Hofman
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Case 4 Materials

* Low Tech Material

— Solid or Liquid
Thermal
Properties
- k(T) 57
— Density = |
constant
— ¢p(T)
2,
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Case 4: Temperature and Phase Change
Animation

° Time in animation iS CJimei=960‘s Surface: Phase transition between phase 1 and phase 2 (1) 1
from 0—3600 sec. B
* You can see that 7
the low tech
material softens for J
the first .5 cm
maximum. Then it
will solidify upon
cooling. N
Phase fraction at t=960 sec. Phase fraction
A equals 1 for a liquid and equals 0 for a solid.
.
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Case 4: Temperature Animation

Time=0s
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Case 4: Phase Change Animation

Time=0s Surface: Phase transition between phase 1 and phase 2 (1)
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Further Work

* Incorporate liquid/slush relocation (mass transport) during heat up
* Include heat transfer due to radiation between shells

* Anisotropic heat source
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Conclusions

* |n these ideal conditions, all simulations reached 640
degC in shell 1 for steady state conditions

* Transient times for the above were calculated
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° L?sAIamos

NATIONAL LABORATORY UNCLASSIFIED Slide 44

EST.1943
Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA NA' S%‘i‘l
National Nuclear Socurity Administration




	Heat Transfer Scoping Calculations
	Abstract
	Table of Contents
	Case 1 - 4 Geometry
	Case 1, 2, & 3 Assumptions
	Case 1 Materials
	Case 1 Materials
	Results: Case 1- Air, Transient
	Results: Case 1- Air
	Results: Case 1 – Air, Steady State
	Results: Case 1- Air
	Case 2 Materials
	Case 2 Materials
	Case 2 Materials
	Results: Case 2- Air, Transient
	Results: Case 2- Air, Transient
	Results: Case 2- Air, Transient
	Results: Case 2- Air, Steady State
	Results: Case 2- Air, Steady State
	Results: Case 2- Water, Transient
	Results: Case 2- Water, Transient
	Results: Case 2- Water, Transient
	Case 2c Assumptions
	Results: Case 2c- Air, Transient
	Results: Case 2c- Air, Transient
	Results: Case 2c- Air, Transient
	Results: Case 2c- Air, Steady State
	Results: Case 2c- Air, Steady State
	Case 3 Materials
	Results: Case 3- Air, Transient
	Results: Case 3- Air, Steady State
	Results: Case 3- Air, Steady State
	Results: Case 3- Water, Transient
	Results: Case 3- Water, Steady State
	Results: Case 3b with new fuel 1 alloy, Air, Steady State
	Case 4 Assumptions
	Case 4 Materials
	Case 4 Materials
	Case 4 Materials
	Case 4: Temperature and Phase Change Animation
	Case 4: Temperature Animation
	Case 4: Phase Change Animation
	Further Work
	Conclusions



